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We study properties of collective radiations of coherently driven two three-level ladder-type atoms
trapped in a single-mode cavity. Using the electromagnetically induced transparency technique,
we show that the three-photon blockade effect can be observed and the properties of collective
radiations are strongly dependent on the phase between two atoms. In the case of in-phase radiations,
the frequency range to realize the three-photon blockade can be broadened as the control field
increases. However, in the regime of the three-photon blockade, the property of collective radiations
changes from hyperradiance to subradiance. In the case of out-of-phase radiations, hyperradiance
accompanied with the three-photon blockade can be observed. The results presented in this paper
show that our scheme is an attractive candidate to generate antibunched photon pairs and control
the properties of collective radiations.
PACS numbers: 42.50.Pq, 42.50.Nn, 37.30.+i
I. INTRODUCTION
As one of the most fascinating topics in the field of
quantum optics, superradiance, and subradiance have
arisen extensive attention in both theory and experi-
ments since its discovery by Dicke [1–10]. In earlier
years, Agarwal et al. ascribed the physical mechanism
of the superradiant collective emission to strong quan-
tum correlations among atoms lying in symmetric Dicke
states [11, 12]. Later, it is found that the superradiance
or subradiance results from the multiparticle entangle-
ment of the Dicke state via the interference of quantum
pathways [13, 14]. The experimental works by Blatt et al.
also show that the entanglement plays an indispensable
role in the collective emission of radiation [6, 15].
In recent years, Scully et al. [9] theoretically studied
the dynamics of single photon superradiance and sub-
radiance, and Ro¨hlsberger et al. [5] carried out an ex-
perimental work by embedding an ensemble of resonant
atoms in the center of a planar cavity. Due to the back
reaction in cavity QED systems, many novel features of
the collective radiations have been studied theoretically
and demonstrated experimentally [11, 16–19], which help
us to get a further understanding of superradiant or sub-
radiant collective emission. In particular, Pleinert et al.
predict the possibility of hyperradiance arising from the
collective radiations in a strongly coupled two atoms cav-
ity QED system [20]. As the hyperradiance occurs, the
mean photon number can be up to 2 orders of magni-
tude larger than the case of a single atom. Xu et al. [21]
show that the hyperradiance can also be observed when
the pump field drives two atoms under the non-resonant
condition [22, 23].
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Compared with the cavity driving schemes, which is
generally considered in cavity QED systems, the atom
driving enhances the optical nonlinearity so that many
interesting quantum and nonlinear features of cavity
photons can be observed, including the improvement of
two-photon blockade [24], observation of three-photon
blockade [25], and realization of hyper-radiance phe-
nomenon [20, 21, 26]. In particular, we show that the
asymmetry in the atom-cavity coupling strengths open
new pathways for multiphoton blockade which result in
the three-photon blockade phenomenon with reasonable
mean photon number over a broad frequency regime.
Combining the electromagnetically induced trans-
parency technique with the two atoms cavity QED sys-
tem, In this paper, we show that the collective radiation
properties are strongly dependent on the control field
Rabi frequency and the phase shift between two atoms.
It is shown that the three-photon blockade can be ob-
served not only under the condition of out-of-phase radi-
ations but also in-phase radiations. The frequency range
for achieving the three-photon blockade can be broad-
ened by increasing the control field Rabi frequency. In
particular, the property of collective radiations changes
from subradiance to hyperradiance accompanying with
the three-photon blockade effect. Therefore, it is possi-
ble to generate photon pairs efficiently in this system.
II. MODEL
The configuration of this two atoms cavity QED sys-
tem is shown in Fig. 1(a), where two identical three-level
ladder-type atoms are trapped in a single mode cavity
at different positions zi (i = 1, 2). For each atom, the
energy levels are labeled as |g〉, |m〉 and |e〉, respectively.
As shown in Fig. 1(a), a weak pump field with angu-
lar frequency ωp drives the |g〉 ↔ |m〉 transition, but a
strong control field with angular frequency ωL couples
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FIG. 1. (a) The sketch of the two atoms cavity QED sys-
tem, where two three-level ladder-type atoms are trapped
in a single mode cavity. The energy levels are labeled as
|α〉 (α = g,m, e) with energy ~ωα. A pump (control) field η
(ΩL) with angular frequency ωp (ωL) couples the |g〉 ↔ |m〉
(|m〉 ↔ |e〉) transition. Here, Γme (Γgm) is the spontaneous
decay rate of state |e〉 (|m〉), and the cavity decay rate is κ.
∆α is the detuning of state |α〉. (b) and (c) show the dressed
state pictures of φz = 0 and pi, respectively.
|m〉 ↔ |e〉 transition. In our system, we assume that the
cavity mode with resonant frequency ωcav = 2pic/λcav
only couples the |g〉 ↔ |m〉 transition. The position-
dependent coupling strengths between the atom and cav-
ity are then given by gi = g cos (2pizi/λcav) where zi is
the position of the i-th atom (i = 1, 2), g is the maximum
atom-cavity coupling strength and λcav is the wavelength
of the cavity mode. For mathematic simplicity, we also
assume that one atom is fixed at the antinode of the cav-
ity (i.e., z1 = 0), while the position of the other atom
can be varied along the axis of the cavity. Therefore, the
atom-cavity coupling strengths are given by g1 = g and
g2 = g cos (φz) with φz = 2pi∆z/λcav = 2pi(z2−z1)/λcav.
Under the electric dipole and rotating wave approx-
imations, the dynamical behavior of the whole system
shown in Fig. 1(a) can be treated by a master equation
given by
d
dt
ρ = − i
~
[H, ρ] + Lκρ+ LΓρ, (1)
where ρ is the density operator of the atom-cavity system.
The Hamiltonian of the whole systemH = H0+HI+HD,
where H0, HI and HD denotes the energy of the atoms
and cavity, the interaction between the atom and cav-
ity, and the driving terms, respectively. In our sys-
tem, we have H0 = ~
∑2
j=1(∆mS
j
mgS
j
gm+∆eS
j
emS
j
me) +
~∆cava
†a, HI = ~
∑2
j=1[gj(aS
j
mg + a
†Sjgm) + ΩL(S
j
em +
Sjme)] and HD = ~η
∑2
j=1(S
j
mg + S
j
gm). Here, ΩL and
η are the Rabi frequency of the control field and pump
field, respectively. Sjαβ = |α〉j〈β| (α, β = g,m, e) is the
atomic raising and lowering operator of the j-th atom
(j = 1, 2). a and a† are the annihilation and creation op-
erator of the cavity mode. The detunings are defined as
∆m = ωm−ωg−ωp, ∆e = ωe−ωg−(ωp+ωc) = ∆m+∆L
with ∆L = ωe − ωm − ωL and ∆cav = ωcav − ωp, respec-
tively. It is worth to point out that, to avoid the dipole-
dipole interactions [27], the separation of two atoms must
be larger than the cavity wavelength λcav.
The spontaneous decays of the atomic states
are introduced by the Liouvillian operators, i.e.,
LΓρ =
∑2
j=1[Γgm(2S
j
gmρS
j
mg − SjmgSjgmρ− ρSjmgSjgm) +
Γme(2S
j
meρS
j
em − SjemSjmeρ− ρSjemSjme)], where Γαβ de-
notes the spontaneous decay rate from state |β〉 to state
|α〉. The Liouvillian term describing the cavity decay at
rate κ is given by Lκρ = κ(2aρa†−a†aρ−ρa†a). Solving
Eq. (1) numerically, one can examine the features of the
collective radiations and the quantum properties of the
cavity field simultaneously.
In general, the quantum properties of an optical field
can be characterized by the field correlation function,
which can also be used to describe the statistical proper-
ties of the fields, such as bunching and anti-bunching
behaviors. In quantum field theory, the steady-state
second-order and third-order field correlation functions
are defined as
g(2)ss (0) =
〈a†a†aa〉
〈a†a〉2 , (2)
and
g(3)ss (0) =
〈a†a†a†aaa〉
〈a†a〉3 , (3)
respectively. Here, g
(2)
ss (0) > 1 denotes the bunched pho-
tons, whereas g
(2)
ss (0) < 1 denotes the anti-bunched pho-
tons. Indeed, g
(2)
ss (0) < 1 is an important witness for the
two-photon blockade effect and is used to characterize the
quality of single-photon sources in applications. g
(3)
ss (0)
is the third-order field correlation function, which is used
to characterize the probability of simultaneous arrival of
three photons. If g
(3)
ss (0) < 1 but g
(2)
ss (0) > 1, one can
observe that two photons arrive together, but the third
photon arrives at a different time. This condition im-
plies the three-photon blockade effect and can be used to
characterize the quality of two-photon sources [24].
On the other hand, the behavior of collective radiations
can be characterized by a witness parameter R, which is
given by [20],
R =
〈a†a〉2 − 2〈a†a〉1
2〈a†a〉1 (4)
3FIG. 2. Panels (a,c,e) show the parameter R (violet solid curve) and mean photon number 〈a†a〉 (blue dashed curve). Panels
(b,d,f) show the field correlation functions g
(2)
ss (0) (red solid curve) and g
(3)
ss (0) (green dashed curve). The gray areas indicate
the frequency range to realize the three-photon blockade, and the horizontal dotted lines indicate g
(2)
ss (0) = g
(3)
ss (0) = 1. Here,
we choose φz = 0 and the control field Rabi frequency ΩL = 0 [panels (a,b)], 4.8κ [panels (c,d)] and 11.0κ [panels (e,f)],
respectively. Other system parameters are given in the content.
Here, 〈a†a〉2 is the mean photon number in two atoms
cavity QED system, and 〈a†a〉1 is the mean photon num-
ber in a single atom-cavity QED system. Obviously,
R < 0 means that the collective radiations are suppressed
(i.e., subradiance), and R = 0 indicates that the radia-
tion rate is the same as that of the single atom case.
However, R > 0 shows that the collective radiations are
enhanced compared with the single atom case. Particu-
larly, R = 1 (i.e., 〈a†a〉2 = 4〈a†a〉1) indicates that the
radiation rate scales with the square of the number of
atoms ∝ N2, corresponding to the superradiance phe-
nomenon [28]. Furthermore, R > 1 denotes that the
collective radiations are significantly enhanced, which is
defined as the hyperradiance [20].
III. IN-PHASE RADIATIONS
We first consider the case that two atoms radiate in
phase (i.e., φz = 0), where g1 = g2 = g. In the ab-
sence of the control field, both theoretical and exper-
imental works show that the three-photon blockade is
hard to be observed [24, 25]. As shown in Fig. 2(a),
there exist four peaks in the cavity excitation spectrum,
corresponding to the one-photon and two-photon excita-
tions, respectively. In a very narrow frequency regime
near the two-photon excitation, the three-photon block-
ade can be achieved with the superradiance and even
hyper-radiance behavior [R ≥ 1, see the gray area in
Fig. 2(a) and (b)]. Here, the system parameters are given
by g = 20κ,Γgm = κ,Γme = κ/100, η = 2κ[29, 30]. In
the presence of the control field, the left side peak in the
cavity excitation spectrum is split into two peaks due
to the coupling of the control field [see Fig. 2(c)]. As
a result, the frequency range to realize the three-photon
blockade is broadened and the collective radiation is still
enhanced (0 < R < 1) as shown in Fig. 2(c) and (d)
(gray areas). Further increasing the control field Rabi fre-
quency, although the behavior of the collective radiations
changes from superradiance to subradiance (R < 0), the
three-photon blockade can still be observed over a wide
frequency range [see Fig. 2(e) and 2(f)].
The physical mechanism can be explained by explor-
ing the eigenstates of this multilevel system. Assuming
that the pump and control fields are not very strong
and can be treated as perturbations of the system, we
first consider the interaction between the cavity field and
states |g〉 and |m〉. In this case, the eigenvalues and
eigenstates can be obtained easily by using the collective
states |gg〉, |±〉 = (|mg〉±|gm〉)/√2 and |mm〉 to rewrite
the Hamiltonian [20, 24, 31]. As shown in Fig. 1(b),
we have the eigenstates Ψ
(1)
± = (±|gg, 1〉 + |+, 0〉)/
√
2
with eigenvalues E
(1)
± = ~ωcav ±
√
2g~ in one-photon
space. In two-photon space, the eigenstates are given by
Ψ
(2)
± = |gg, 2〉/
√
3± |+, 1〉/√2 + |mm, 0〉/√6 with eigen-
values E
(2)
± = 2~ωcav ±
√
6g~ and Ψ
(2)
0 = (−
√
3|gg, 2〉+√
6|mm, 0〉)/3 with eigenvalues E(2)0 = 2~ωcav. Taking
∆L =
√
6g/2, we find that the control field couples the
Ψ
(2)
+ → |ee, 0〉 transition resonantly via two-photon pro-
cess. Therefore, the state Ψ
(2)
+ is split into a doublet,
corresponding to two left side peaks shown in Fig. 2(c)
and 2(e).
4FIG. 3. Panels (a,c,e) show the parameter R (violet solid curve) and mean photon number 〈a†a〉 (blue dashed curve). Panels
(b,d,f) show the field correlation functions g
(2)
ss (0) (red solid curve) and g
(3)
ss (0) (green dashed curve). The gray areas indicate the
frequency range to realize the three-photon blockade, and the horizontal dotted lines indicate g
(2)
ss (0) = g
(3)
ss (0) = 1. Here, we
choose φz = pi and the control field Rabi frequency ΩL = 0 [panels (a,b)], 4.0κ [panels (c,d)] and 5.6κ [panels (e,f)], respectively.
Other system parameters are the same as those used in Fig. 2, except for η = 6κ.
IV. OUT-OF-PHASE RADIATIONS
Now, we consider that two atoms radiate out-of-phase,
i.e., φz = pi yielding g1 = −g2 = g. Neglecting the
pump and control field, one can obtain three eigen-
states in one-photon space, labeled as Ψ
(1)
± = (±|gg, 1〉+
|−, 0〉)/√2 with eigenvalues E(1)± = ~ωcav ±
√
2g~ and
Ψ
(1)
0 = |+, 0〉 with eigenvalues E(1)0 = ~ωcav, respec-
tively. In two-photon space, there exist four eigenstates,
i.e., Ψ
(2)
± = −|gg, 2〉/
√
3∓ |−, 1〉/√2 + |mm, 0〉/√6 with
eigenvalues E
(2)
± = 2~ωcav±
√
6g~, two degenerate states
Ψ
(2)
0 = |gg, 2〉/
√
3 +
√
6|mm, 0〉/3 and Φ(2)0 = |+, 1〉
with the same eigenvalue E
(2)
0 = 2~ωcav, as depicted in
Fig. 1(c). Different from the case of φz = 0, the asymme-
try coupling strengths cause that the one-photon excita-
tion pathways are forbidden [24]. Therefore, two-photon
(two side peaks) and multiphoton (central peak) exci-
tations are dominant and three-photon blockade effect
can be observed over a wide frequency range as shown
in Fig. 3(a) and (b). When the control field is tuned
to be resonant with the |ee, 0〉 → Ψ(2)+ transition via the
two-photon process as shown in Fig. 1(c), the two-photon
excitation state Ψ
(2)
+ will be split into a doublet so that
one can observe four peaks in the cavity excitation spec-
trum [see Fig. 3(b)]. As shown in panels (d) and (f),
the three-photon blockade can always be observed over a
wide frequency range when the control field is turned on.
However, the behavior of the collective radiation changes
from superradiance to hyperraidance as the control field
Rabi frequency increases [see panels (c) and (e)]. It must
be pointed out that these features of the collective ra-
diations and the quantum properties of the cavity field
exhibited in out-of-phase radiation case can not be ob-
served in single atom-cavity QED systems.
V. CONCLUSION
We have studied the behavior of collective radiations
of cavity field under the condition of the three-photon
blockade in a two atoms cavity QED system. By using
the EIT technique, we show that the behavior of the col-
lective radiation and quantum properties of the cavity
field can be greatly changed by tuning the control field
Rabi frequency. Even in the case of in phase radiations,
the three photon blockade effect can be observed over
a wide frequency range. Under the condition of three-
photon blockade, more interestingly, the behavior of the
collective radiations can be changed from superradiance
to hyperraidance by just increasing the control field Rabi
frequency in the case of out phase radiations. The results
presented here shows that our scheme is a good candidate
to generate photon pairs via the three-photon blockade
effect.
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